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Fibroblast growth factors (Fgfs) play important roles in the pattern formation of early vertebrate embryos. We have identified a zebrafish
ortholog of human FGF17, named fgf17b. The first phase of fgf17b expression occurs in the blastodermal margin of late blastulae and in the
embryonic shield of early gastrulae. The second phase starts after the onset of segmentation, mainly in the presomitic mesoderm and newly
formed somites. Injection of fgf17b mRNA into one-cell embryos induces expression of the mesodermal marker no tail (ntl) and rescues ntl
expression suppressed by overexpression of lefty1 (lft1). Overexpression of fgf17b dorsalizes zebrafish gastrulae by enhancing expression of
chordin (chd), which is an antagonist of the ventralizing signals BMPs. In addition, overexpression of fgf17b posteriorizes the
neuroectoderm. Simultaneous knockdown of fgf17b and fgf8 with antisense morpholinos results in reduction of chd and ntl. Knockdown of
fgf17b can alleviate inhibitory effect of ectopic expression of fgf3 on otx1. These data together suggest that Fgf17b plays a role in early
embryonic patterning. We also demonstrate that fgf17b and fgf8 have stronger mesoderm inducting activity than fgf3, whereas fgf17b and fgf3
have stronger activity in posteriorizing the neuroectoderm than fgf8. Like fgf8, activation of fgf17b expression depends on Nodal signaling.
D 2004 Elsevier Inc. All rights reserved.Keywords: Fibroblast growth factor; Mesoderm; Dorsalization; Neuroectoderm; ZebrafishIntroduction
Fibroblast growth factors (Fgfs) are pleiotropic signaling
molecules that are found in organisms from invertebrates to
human and control cell proliferation, migration, differenti-
ation, and homeostasis. To date, at least 22 Fgf members
have been identified in human and mouse (Ornitz and Itoh,
2001). The biological functions of a particular Fgf member
are dependent on its expression stage and tissue distribution.
During early development of vertebrate embryos, Fgf sig-
naling has been found to play multiple roles in patterning.
Its role in mesoderm induction has been well documented
(Amaya et al., 1991; Griffin et al., 1995; Slack et al., 1987;
Sun et al., 1999), which probably relays activin–nodal
signals (Cornell and Kimelman, 1994; LaBonne and Whit-
man, 1994; Zhao et al., 2003). Ectopic expression of fgf8 in
zebrafish embryos causes the expansion of dorsolateral0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.03.032
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by antagonizing ventralizing BMP signals during gastrula-
tion, suggesting a role in dorsoventral patterning (Furthauer
et al., 1997). In the anterior–posterior (AP) patterning of the
neuroectoderm, Fgf signals generally promote posterior
neural fate and inhibit anterior neural development (Cox
and Hemmati-Brivanlou, 1995; Koshida et al., 2002; Lamb
and Harland, 1995). In addition, Fgf signals are involved in
other embryonic processes, for example, somitogenesis
(Dubrulle et al., 2001), limb development (Wilkie et al.,
2002), hindbrain patterning (Maves et al., 2002), and ear
development (Liu et al., 2003).
In zebrafish, several Fgf and Fgfr genes have been
isolated and characterized, including fgf3 (Kiefer et al.,
1996), fgf4 (Grandel et al., 2000), fgf6 (Postlethwait et al.,
1998), fgf8 (Furthauer et al., 1997; Reifers et al., 1998),
fgf10 (Ng et al., 2002), fgf17 (Reifers et al., 2000), fgf18
(Draper et al., 2003; Fischer et al., 2003), fgf24 (Draper et
al., 2003; Fischer et al., 2003), fgfr1 (Tonou-Fujimori et
al., 2002), fgfr2 (Tonou-Fujimori et al., 2002), fgfr3
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1995). These genes show unique spatiotemporal expression
pattern and may be implicated in various developmental
processes during development of the zebrafish embryos.
Compared to the number of known Fgf genes in human
and mouse, the number of Fgf genes identified in zebrafish
is very limited up to now. Since zebrafish has advantages
over other vertebrate models in embryologic and genetic
manipulations, identification of more Fgf genes in this
species will help to investigate specific and integrative
functions of Fgf genes during development of vertebrate
embryos. In this study, we have identified a zebrafish
ortholog of mammalian Fgf17, named fgf17b. The expres-
sion of fgf17b occurs during development of zebrafish
embryos in two discontinuous phases: one happening
during late blastulation and early gastrulation and the other
initialized after the onset of segmentation. Results from
ectopic expression suggest that fgf17b is implicated in
mesoderm induction, dorsal–ventral patterning, and poste-
rior neural development.Materials and methods
Zebrafish embryos
Zebrafish used in this experiment were derived from the
AB strain. They were raised and kept under standard
conditions at about 28.5jC. Fertilized eggs produced by
crossing the oeptz257 heterozygotic fish were injected with
oep mRNA to obtain rescued homozygotic female oep
mutant fish, which were crossed to heterozygous male fish
to produce MZoep mutant embryos (Gritsman et al., 1999).
Isolation of fgf17 cDNA
Fgf17b was first identified as a cDNA showing a unique
expression pattern during a systematic search from an
embryonic cDNA library (vector pcDNA3.0) for organ- or
tissue-specific genes during early embryogenesis of the
zebrafish (Zhao et al., 2002). The sequence of fgf17b has
been deposited in GenBank with an accession number
AY457142.
Genetic mapping
Mapping was performed on the heat shock doubled
haploid mapping panel (Postlethwait et al., 2000; Woods
et al., 2000) using the following primers: 5V-CACACGA-
CACTAAATAATGCAATAAACA-3V and 5V-CAACACA-
CAGATACAAACACCACCTTA-3V. For comparative
mapping, putative orthologs were defined by a BLASTX
search using the zebrafish nucleotide sequence to query the
human NR database at GenBank (http://www.ncbi.nlm.nih.
gov/UniGen), followed by a reciprocal BLAST using the
top human hit in a TBLASTN search querying the zebra-fish Unigene set (http://www.ncbi.nlm.nih.gov/UniGene/
DrHome.html). If the best human hit for a zebrafish sequence
blasted back to the zebrafish Unigene that included the
original zebrafish sequence, then the two mutually best
sequences were considered as putative orthologs. The map
locations of those sequences were obtained from LocusLink
(http://www.ncbi.nlm.nih.gov/genome/guide/human/). Maps
were constructed using MapManager (Manly, 1993).
RT-PCR and Northern blot
Total RNA was isolated from embryos at different stages
using Trizol (GIBCO/BRL). A pair of specific primers (5V-
GCGGACGACGGAAACTCTTACG-3 V and 5V-CT-
CGAAGTGTTTTGGCTGCTCT-3V) was used to amplify
by RT-PCR a 357-bp fgf17b coding sequence. The first-
strand cDNAs synthesized from total RNAs were used as
templates. PCR reactions were performed for 30 cycles
(94jC, 30 s; 58.4jC, 30 s; 72jC, 1 min 30 s) and a final
extension at 72jC for 6 min. As an internal control, a 475-
bp sequence of b-actin cDNA was amplified by RT-PCR
us ing two spec i f i c p r imer s (5 V-ATGGATGAT-
GAAATTGCCGCAC-3V and 5V-ACCATCACCAGAGTC-
CATCACG-3V). The amplified products were analyzed on
agarose gels.
Expression constructs and in vitro synthesis of mRNA
The coding sequences of zebrafish fgf17b, fgf8, and fgf3
were individually amplified with addition of a Kozak
sequence (CACC) and cloned into the expression vector
pXT7 that has 5V and 3V UTR from Xenopus b-globin gene
(Dominguez et al., 1995). Capped mRNAs were synthesized
in vitro using linearized plasmid DNAs and the T7 or SP6
Cap Scribe Kit (Roche). After removal of DNA template by
treatment with RNase-free DNase, the mRNAs were puri-
fied with RNeasyR Mini Kit (QIAGEN) and dissolved in
RNase-free water.
Morpholinos
Two morpholinos were designed to knockdown endog-
enous fgf17b: 5V-AGTAGCGCTGATTGATCCCATACAT-
3V (fgf17b-MO1) and 5V-ATACATTGTGCGAACG-
CAAAAACTA-3V (fgf17b-MO2). To test the knockdown
effectiveness of the morpholinos, the fgf17b-GFP construct
was generated by fusing a 659-bp fragment of fgf17b,
which contains a 189-bp 5V UTR and its adjacent coding
sequence encoding the first 158 amino acids, in-frame into
vector peGFP-N2. The sequence of fgf8-MO that can
knockdown fgf8 followed Araki and Brand (2001). The
standard control morpholino (c-MO) and chd-MO, which
has a sequence of 5V-ATCCACAGCAGCCCCTCCAT-
CATCC-3V and can efficiently block translation of chd
mRNA (Nasevicius and Ekker, 2000), were purchased
from Gene Tools, LLC.
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The capped mRNA was diluted in 0.1M KCl to an
appropriate concentration before microinjection. The mor-
pholino or mRNAs was microinjected, essentially as de-
scribed by Meng et al. (1999), into the yolk or cytoplasm
between one- and two-cell stages. DNA was injected into
the cytoplasm. Injection dose was an estimated amount
received by a single embryo. For coinjection, two mRNAs
were mixed before injection. For coinjection of an mRNA
with the morpholino or DNA, an embryo was first injected
with the mRNA, followed by a second injection with the
morpholino or DNA. Data obtained from independent
microinjections were pooled.
Whole-mount in situ hybridization and histological
sectioning
Digoxigenin-UTP-labeled antisense RNA probes were
generated by in vitro transcription and used for in situ
hybridization. Whole-mount in situ hybridization followed
standard procedure with minor modifications. For prepara-
tion of sections after whole-mount in situ hybridization, the
embryos were dehydrated, embedded in paraffin, and sec-
tioned at a thickness of approximately 10 Am.
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Characterization of zebrafish fgf17b
A cDNA clone with a unique expression pattern was
isolated during a project to identify tissue-specific genes in
the development of zebrafish embryos. Sequencing revealed
that this clone contains an insert of 2052 bp in length with a
poly (A)28 tail that is 15 bp downstream of a putative
polyadenylation signal (AATAAA). The longest open read-
ing frame could encode a putative peptide of 215 amino acid
residues. The amino acid sequence of the putative peptide
shares a highest degree (62.8%) of sequence similarity to
human and mouse Fgf17 among the known mammalian Fgf
members. The amino acid sequence identity between this
peptide and previously reported zebrafish Fgf17 (Reifers etFig. 1. Phylogenetic tree of human and zebrafish Fgfs (A) and chromosomal locat
prefix to the names of human and zebrafish Fgf members, respectively. Accessio
Fig. 2. Expression pattern of fgf17b during development of the zebrafish embryos.
stages. The control used total RNA of one-cell-stage embryos as the PCR template
results of zebrafish b-actin as controls. (B–Q) Expression pattern detected by who
G) views of embryos at dome (B, E), 30% epiboly (C, F), and shield (D, G) stage
future dorsal margin (B, E), then in the whole margin (C, F) and at the onset of gast
a one-somite-stage embryos with anterior to the top, showing expression in the pro
of an embryo at five-somite stage. (K) Flat-mount dorsal view of the trunk of a 10-
somite embryo, showing the expression in the dorsal forebrain. (M) Cross sectio
stronger in the dermomyotome of the somites. (N, O) Lateral views of embryos at 1
The expression was restricted to the newly formed somites and presomitic plate. (
(Q) Lateral view of a 24-h embryo. fb, forebrain; s, somite; ps, presomitic plate.al., 2000) is only 50%. Phylogenetic analysis, using amino
acid sequences of previously identified human and zebrafish
Fgf members, showed that the putative peptide grouped
with human FGF17 while the previously reported zebrafish
Fgf17 (Reifers et al., 2000) is closer to human FGF8 (Fig.
1A). This suggests that the new gene could be another
ortholog of human FGF17.
To confirm whether the new gene is an authentic ortho-
log of human FGF17, we determined its genetic position in
the zebrafish genome. As shown in Fig. 1B, there are three
genes very close to each other on chromosome 8 of the
human genome near FGF17, and their orthologs are on
zebrafish linkage group 8 (LG8). Two of these are close to
each other, while one has been removed distantly due to
inversions, which we know are quite frequent (Postlethwait
et al., 2000). The likelihood that three loci so closely linked
in humans would be syntenic in zebrafish by chance is
vanishingly small [(1/25)3]. This is consistent with the
interpretation that the new gene is an ortholog of the human
FGF17 gene. We therefore would recommend that the
previously published zebrafish fgf17 (Reifers et al., 2000)
be called fgf17a and the new gene called fgf17b.
fgf17b is expressed in a dorsoventral gradient in late
blastulas and early gastrulas
The temporal expression of fgf17b during development
of the zebrafish embryos was first examined by RT-PCR. As
shown in Fig. 2A, the fgf17b transcript was present, though
in low amount, in one-cell embryos, suggesting some
maternal transcript. The amount of the transcript increased
at the sphere stage and continued at a similar level until
midgastrulation when it remarkably declined. By the end of
gastrulation, the expression increased again and dropped at
day 2. These results suggest that expression of fgf17b occurs
in two phases, one before and one after midgastrulation.
We then examined spatiotemporal expression pattern by
whole-mount in situ hybridization. Consistent with the RT-
PCR results, this experiment also detected two distinct
phases of expression, although maternal transcript was not
detected probably due to lower sensitivity. The first phase
started in the dorsal marginal cells around the sphere stage,
shortly after the zygotic genes were activated (Figs. 2B,ion of zebrafish fgf17b (B). For easy telling, letter h and z were added as a
n numbers were indicated in parentheses.
(A) Amplification results of a coding region of fgf17b by RT-PCR at various
without addition of reverse transcriptase. Lower panel showed amplification
le-mount in situ hybridization. (B–G) Animal-pole (B–D) and lateral (E–
s, respectively, with dorsal to the right. Expression was detected first in the
rulation mainly in the shield (D, G). (H, I) Lateral (H) and dorsal (I) views of
spective forebrain, the first somite and the presomitic plate. (J) Lateral view
somite stage embryo. (L) Sagittal section of the forebrain region of an eight-
n of the trunk region of an eight-somite embryo. Note that expression is
0-somite (N) and 18-somite (O) stages, respectively, with anterior to the left.
P) Posterior trunk of the 18-somite stage embryo at a higher magnification.
Y. Cao et al. / Developmental Biology 271 (2004) 130–143 133C). Expression then extended toward the ventral side so
that the whole margin was stained at the 30% epiboly
stage, with the highest strength in the future embryonicFig. 1.
Fig. 2.shield, forming a dorsal–ventral gradient (Figs. 2D, E).
The fgf17b transcripts were largely restricted to the em-
bryonic shield at the shield stage (Figs. 2F, G) and became
Fig. 3. Activation of fgf17b expression depends on Nodal signaling. All
embryos were animal-pole views with dorsal to the right, except those in
(G, H) lateral view with anterior to the left. (A, B) Shield stage. (C–F)
Thirty percent epiboly stage. (G, H) Six-somite stages. Injection with 5 pg
of sqt mRNA induced fgf17b expression (B). The embryos injected with
100 pg of lft1 mRNA lacked fgf17b expression (D). The expression of
fgf17b was not expressed in MZoep mutant embryo at 30% epiboly (F), but
detected at a lower level at six-somite stage (H).
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during this phase suggests a role in early patterning of the
zebrafish embryos.
The second phase of expression started at the bud stage
in the prospective forebrain and the presomitic mesoderm
(Fig. 2H). During segmentation, fgf17b transcripts were
detected in the six to eight newly formed somites and the
presomitic mesoderm (Figs. 2I–P). The dermomyotomal
cells of somites appeared to accumulate more transcripts
than the sclerotomal cells (Fig. 2M). In addition, the
expression persisted in a few rows of cells in the dorsal
telencephalon until late segmentation period (Figs. 2J, L,
N). At 24 h, only the tail retained fgf17b expression (Fig.
2Q). The second-phase expression pattern of fgf17b sug-
gests a possible role in somitogenesis and development of
the telencephalon.
fgf17b expression is regulated by Nodal signal
It has been reported that fgf8 is not expressed in the
blastoderm margin of MZoep mutant embryos (Gritsman et
al., 1999), suggesting that fgf8 expression is under the
control of Nodal signaling. We tested whether fgf17b was
similarly regulated by Nodal signaling. As shown in Fig.
3B, injection with 5 pg of sqt mRNA induced fgf17b
expression throughout the blastomeres at the sphere stage.
In contrast, injection with 100 pg of lefty1 mRNA elimi-
nated fgf17b expression (Fig. 3D). The expression of fgf17b
was undetectable in MZoep mutant blastulas (Fig. 3F), but
detected at a markedly reduced level during the segmenta-
tion period (Fig. 3H). These data suggest that Nodal signals
are essential for the initial activation of fgf17b.
fgf17b has mesoderm induction activity
According to the fate map of the zebrafish late blastula
(Kimmel et al., 1990), cells in the blastodermal margins will
cause mesodermal and endodermal fates. Like in Xenopus,
Fgf signals are required for mesoderm induction in zebrafish
(Griffin et al., 1995). The expression of fgf17b in the
blastodermal margin suggests that Fgf17b may be one of
the endogenous Fgf signals with mesoderm induction activ-
ity. We investigated this possibility by examining the effects
of Fgf17b on expression of no tail (ntl), a gene that is
essential for the formation of posterior mesoderm and for
axial development in zebrafish embryos (Halpern et al.,
1993; Schulte-Merker et al., 1994). To do this, fgf17b
mRNA was injected into one-cell-stage embryos at a dose
of 10 pg and ntl expression was observed by whole-mount
in situ hybridization. The results showed that after injection,
ntl expression was enhanced in the blastodermal margin
during gastrulation and induced in the other areas of the
blastoderm at a lower level (71/72; Figs. 4C, D), indicating
a role of fgf17b in mesoderm induction.
We then tested whether overexpression of fgf17b could
rescue mesoderm cells depleted by overexpression of lefty1(lft1), an inhibitor of mesoderm inducers Activin and Nodal
proteins (Thisse and Thisse, 1999; Thisse et al., 2000). As
shown in Figs. 4G, H, injection of lft1 mRNA completely
eliminated ntl expression in the dorsal one-third to half of
the blastoderm margin of all the injected embryos (64/64) at
the shield stage. More ventrally, two to seven tiers of
marginal cells showed ntl expression in the injected embry-
os, while the uninjected embryos had about 10 tiers of ntl-
positive marginal cells. This result confirms the inhibitory
activity of lft1 in mesoderm induction. When coinjected
with lft1 and fgf17b mRNAs, all of the embryos showed
Fig. 4. Influence of fgf17b on ntl expression. The expression of ntl at the shield stage was examined by whole-mount in situ hybridization following injection.
(A, C, E, G, I, K) Animal-pole views with dorsal to the right. (B, D, L). Lateral views with dorsal to the right and animal pole to the top. (F, H, J) Ventral views
with animal pole to the top. Injection with 10 pg of fgf17b mRNA induced ntl expression (C, D). Note that the induction is stronger on the ventral side.
Injection with 100 pg of lft1 mRNA resulted in a large gap without ntl expression in the dorsal margin (G, between arrows) and also reduced ntl expression in
the ventral margin (H). Coinjection with fgf17b and lft1 mRNAs rescued ntl expression because the gap was much smaller (I) or absent (K) and the expression
on the ventral was induced (J, L).
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lateral marginal regions (compare Figs. 4J to H). Most of the
coinjected embryos had a smaller gap without ntl expression
on the dorsal side (compare Figs. 4I to G), while a few (3
out of 45) even had one or two tiers of ntl-positive cells in
this region (Figs. 4K, L). These data suggest that fgf17b
exerts mesoderm induction activity downstream of the
Activin–Nodal signals.
Overexpression of fgf17b alters the dorsoventral pattern of
the embryo
Like fgf8, injection of fgf17bmRNA into one-cell-stage
embryos led to obvious elongation of late gastrulae and an
enlarged head at 24 h of development, indicative of dors-
alization. The dorsalizing phenotypes at 24 h could be
categorized into four classes: class I, a slightly expanded
and distorted head but a normal trunk (Fig. 5B); class II, an
enlarged head and a smaller, twisted tail (Fig. 5C); class III,
a large head without compartmentation, a smaller trunk and
the tail undetached from the yolk (Fig. 5D); and class IV,
embryos that died and lysed before developing to latesegmentation. With an increase of the mRNA dose in the
range of 0.1–10 pg, more embryos exhibited more severe
dorsalizing phenotypes (classes III and IV). For example,
the proportion of embryos with classes III and IV pheno-
types went up from 26.6% to 94% (n > 116) as the dose
increased from 0.1 to 10 pg.
To further characterize the dorsalizing effect of fgf17b,
we examined expression of several early dorsal and ventral
markers by whole-mount in situ hybridization during early
gastrulation following injection with 10 pg of fgf17b
mRNA. All of the tested ventral markers, including
bmp2, bmp4 (Nikaido et al., 1997), eve1 (Joly et al.,
1993), and gata2 (Detrich et al., 1995), showed remarkable
reduction of expression on the ventral side of the injected
embryos (Figs. 5E–L). In contrast, a dorsal marker chordin
(chd), which is normally expressed in the embryonic shield
at the shield stage (Miller-Bertoglio et al., 1997), showed
more widespread expression in the injected embryos (Figs.
5M, N). The expression of follistatin (fst), another dorsal
marker (Bauer et al., 1998), was also enhanced on the
dorsal side of the injected late gastrulae (Figs. 5O, P). The
dorsalizing effect of fgf17b was also obvious during seg-
Fig. 5. Alteration of dorsal–ventral patterning caused by overexpression of fgf17b. The fertilized eggs were injected with 10 pg of fgf17b mRNA and then
morphology and various dorsal and ventral markers were examined. (A, E, G, I, K, M, O, Q, S) Uninjected embryos. (B–D, F, H, J, L, N, P, R, T) Injected
embryos. (A–D) Lateral views of 24-h live embryos. Injection with fgf17b mRNA usually caused three classes of dorsalizing phenotypes at 24 h: class I (B),
class II (C), and class III (D). (E–L) Lateral views with dorsal to the right, at the shield (E–J), or 80% epiboly (K, L) stages. (M–P) Dorsal views at the shield
(M, N) or 80% epiboly (O, P) stages. The overexpression of fgf17b inhibited expression of ventral markers (E–L) and induced expression of dorsal markers
(M–P). (Q, R) Lateral views of six-somite embryos, showing ventral expansion of frb35 expression domains in the injected embryo (R). (S, T) Dorsal views of
eight-somite embryos with anterior to the left, showing ventral expansion of myoD-positive somites in the injected embryo (T). The marker genes were
indicated below each picture.
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marker for the third and fifth rhombomeres (Sun et al.,
2002), expanded ventrally to encircle the embryos at the
six-somite stage after injection (Fig. 5R). Similarly, over-
expression of fgf17b induced more ventral expansion of
myoD (Fig. 5T), which is normally expressed in the somites
(Weinberg et al., 1996). These results indicate that Fgf17b
exerts a strong dorsalizing effect during early patterning of
the zebrafish embryos.
Fgf signaling exerts a dorsalizing effect by promoting
expression of Bmp antagonists
The D–V pattern formation of vertebrate embryos
involves establishment of a ventrodorsal gradient of Bmp
activity (Dale and Wardle, 1999). Proteins secreted from the
dorsal signaling center, such as Chordin, Noggin and
Follistatin, bind to the ventrally derived Bmps and therebyattenuate Bmp signals (Piccolo et al., 1996; Zimmerman et
al., 1996). The expression of BMP might be additionally
suppressed by the dorsal antagonists at the transcription
level (Hammerschmidt et al., 1996). We showed in the
above experiments that overexpression of fgf17b inhibited
expression of bmp2 and bmp4 on the ventral side. We
determined whether this inhibition occurred indirectly by
fgf17b promoting expression of chd on the dorsal side.
Injection with 1 pg of fgf17b mRNA resulted in reduction
of bmp2 and bmp4 expression at the shield stage in over
95% (n > 28) of the embryos (Figs. 6B, F), while injection
with 4 ng of chd-MO, a morpholino that was able to knock
down endogenous Chd activity (Nasevicius and Ekker,
2000), led to expansion of bmp2 and bmp4 expression in
more than 72% (n > 22) of the embryos at the same stage
(Figs. 6C, G). When fgf17b mRNA and chd-MO were
combined for injection, the proportion of the embryos with
reduced bmp2 or bmp4 expression was only 15% (n = 20) or
Fig. 6. Dorsalizing activity of fgf17b is mediated by chd. All pictures were animal views with dorsal to the right. Injection with 1 pg of fgf17b mRNA inhibited
expression of ventral markers bmp2 (B), bmp4 (F), eve1 (J), and gata2 (N), whereas injection with 4 ng of chd-MO led to expansion of these markers (C, G, K,
O). When coinjected with the same doses of fgf17b mRNA and chd-MO, the expression of these markers restored to a nearly normal level (D, H, L, P).
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showing increase in bmp2 or bmp4 expression accounted for
5% or 17.4%, respectively. Lessening of inhibitory effect of
fgf17b by knocking down Chd activity was also observed
for ventral marker genes eve1 and gata2 (Figs. 6I–P). These
data support the idea that Fgf signals exert dorsalizing
activity by promoting expression of Bmp antagonists such
as Chd.
fgf17b plays a role in anteroposterior patterning of the
neuroectoderm
It has been found that Fgf signals function in the
anterior–posterior (AP) axis patterning of the neuroecto-
derm (Koshida et al., 2002; Kudoh et al., 2002). To test the
activity of fgf17b in AP patterning of the neuroectoderm, we
looked into influence of overexpression of fgf17b on ex-
pression of anterior neuroectodermal marker otx1 (Mercier
et al., 1995) and posterior neural plate marker hoxb1b(Alexandre et al., 1996). During late gastrulation, otx1
was expressed as a large anterodorsal domain (Figs. 7A,
C). This domain decreased markedly in size in all of the
embryos injected with fgf17b mRNA (Figs. 7B, D). In
contrast, the expression of hoxb1b expanded toward the
animal pole in all the injected embryos (Figs. 7F, H). These
data indicate that Fgf17b promotes posterior neural fate and
suppresses anterior neural fate.
Different Fgfs play redundant roles in early patterning of
zebrafish embryos
To investigate function of endogenous Fgf17b, we syn-
thesized two morpholinos, fgf17b-MO1 and fgf17b-MO2,
to target fgf17b mRNA. Coinjection of these morpholinos
with fgf17b-GFP DNA, which encode a fusion Fgf17b-GFP
protein, indicated that only fgf17b-MO1 could efficiently
knockdown endogenous fgf17b mRNA (Figs. 8A–C). How-
ever, injection with fgf17b-MO1 alone did not alter the
Fig. 7. Posteriorization of neuroectoderm by overexpression of fgf17b. All
embryos were at about 90% epiboly stages and orientated with animal pole
to the top. (A–D) Lateral (A, B) and dorsal (C, D) views showed
expression of anterior neural maker otx1. (E–H) Lateral (E, F) and dorsal
(G, H) views showed expression of posterior neural maker hoxb1b. Note
that injection with fgf17b mRNA inhibited otx1 expression (B, D) but
induced hoxb1b expression (F, H).
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knockdown effect could be compensated by activity of other
Fgf members with overlapping expression domains. To test
functional redundancy of Fgfs, we tried to simultaneously
knockdown fgf17b and fgf8 or to overexpress fgf3 mRNA in
combination with knockdown of endogenous fgf17b. As
detailed below, Fgf8 possesses both dorsalizing and meso-
derm inducing activities. Almost all of the embryos injected
with fgf8-MO had normal expression of chd (compare Figs.
8E to D) and ntl (compare Figs. 8H to G). When coinjected
with fgf8-MO and fgf17b-MO1, more than 40% of the
embryos (n > 32) showed a reduced expression of chd
and interrupted expression of ntl in the germ ring. In
addition, the coinjected embryos showed a shorter trunk
and tail at 24 h, which was not observed in embryos injectedwith either of the single morpholinos. This suggests that
Fgf8 and Fgf17b play redundant roles in dorsalization and
mesoderm induction. Like fgf17b, ectopic expression of fgf3
in zebrafish embryos can inhibit expression of anterior
neural markers otx1 and otx2 (Koshida et al., 2002).
Coinjection with fgf17b-MO1 and fgf3 mRNA restored,
although not to a full scale, otx1 expression (compare Figs.
8L to K). This supports the idea that Fgf17b exerts a role in
anterioposterior patterning of the neuroectoderm. The pos-
sibility that fgf17b-MO1 attenuates translation of ectopic
fgf3 mRNA was excluded because embryos coinjected with
fgf17b-MO1 and fgf3-eGFP DNA retained green fluores-
cence (data not shown).
Inducing activities of Fgf17b, Fgf8, and Fgf3 are different in
strength
Two previously reported Fgf members fgf8 and fgf3 have
an expression pattern similar to fgf17b during late blastula-
tion and early gastrulation (Koshida et al., 2002; Reifers et
al., 2000), and these Fgfs may function redundantly in early
embryonic patterning (see previous section). We asked
whether their inducing activities are equally potent. To
address this question, we cloned the coding sequences of
their cDNAs individually into the same vector pXT7 and
corresponding mRNAs were synthesized in vitro. The
expression of several tissue-specific markers was examined
following mRNA injections to evaluate their induction
activities.
We first compared mesoderm induction activity using ntl
as a mesoderm marker. Injection with 10 pg of fgf17b
mRNA resulted in great expansion of ntl expression at the
shield stage in 97.6% (n = 42) of the injected embryos (Fig.
9B). When the same dose of fgf8 or fgf3 mRNAs was used
for injection, none of the embryos showed obvious expan-
sion of ntl expression (Figs. 9C, D). When the dose
increased to 50 pg, the fgf8 mRNA injection caused induc-
tion of ntl expression in 93.3% (n = 30) of the embryos,
whereas overexpression of fgf3 still failed to induce ntl
expression. These results suggest that fgf17b has stronger
mesoderm inductivity than fgf8, and that fgf3 lacks such
activity or its activity is very low.
The dorsalizing activity was then compared using chd
and eve1 as dorsal and ventral markers, respectively. Injec-
tion with fgf3 mRNA at 10 or 50 pg neither enhanced chd
expression (Fig. 9H) nor inhibited eve1 expression at the
shield stage (Fig. 9L), indicating a missing or low dorsaliz-
ing activity. (The injection with fgf3 mRNA induced chd
expression after midgastrulation). Both fgf17b and fgf8
overexpression (10 pg) induced chd (Figs. 9F, G) and
inhibited eve1 at the shield stage (Fig. 9J, K). Most (36/
37) of the fgf8-injected embryos completely lacked eve1
expression, while more than half (42/72) of the fgf17b-
injected embryos retained weak eve1 expression. We spec-
ulate that fgf8 may have the strongest dorsalizing activity
among the three members.
Fig. 8. Effect of fgf17b knockdown on embryonic patterning. (A–C, G–I) Lateral views with dorsal to the right at 70% epiboly. (D–F) Dorsal views with
animal pole to the top at 50% epiboly. (J–L) Dorsal views with animal pole to the top at 85% epiboly. Injection of fgf17b-GFP DNA at 50 pg produced green
fluorescence (A). Coinjection of fgf17b-MO1 with the same amount of fgf17b-GFP DNA inhibited production of the Fgf17b-GFP fusion production (B), while
coinjection with fgf17b-MO2 did not inhibit its production (C). The embryos injected with 2 ng of fgf8-MO and 8 ng of c-MO (control morpholino) had normal
expression of chd (E) or ntl (H), whereas those coinjected with 2 ng of fgf8-MO and 8 ng of fgf17b-MO1 showed a reduced expression of chd (F) and ntl (I).
Injection with 10 pg of fgf3 mRNA inhibited otx1 expression (K), which was counteracted by coinjection with 10 ng of fgf17b-MO1 (L).
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based on otx1 and hoxb1b expression. When the same
dose (10 pg) was applied, overexpression of fgf17b caused
the expression domain of the anterior neural marker otx1
to shrink substantially (Fig. 9N), whereas overexpression
of fgf8 or fgf3 reduced the otx1 domain size to a lesser
degree but clearly decreased its expression level (Figs. 9O,
P). The expression of the posterior neuroectodermal mark-
er hoxb1b was expanded, predominantly on the ventral
side, by overexpression of any of the tested Fgf mRNAs(Figs. 9R–T). However, it appeared that fgf8 had lower
induction activity for hoxb1b. Together, these results
suggest that fgf17b possesses stronger neural posteriorizing
activity.Discussion
In this report, we have isolated a new member of the Fgf
family in zebrafish. Chromosomal mapping data suggest
Fig. 9. Differences in patterning activities among different Fgf members. The fertilized eggs were injected with different Fgf mRNAs at a dose of 50 pg (H, L)
or 10 pg (all the others), and expression of various markers was examined. (A–L) At the shield stage. (M–T) At the 90% epiboly stage. (A–D, Q–T) Lateral
views with dorsal to the right. (E–L) Animal-pole views with dorsal to the right. (M–P) Dorsal views. The treatments were indicated on the top of each column
and the examined markers were indicated at the left of each row.
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Phylogenetic analysis also shows that it is most closely
related to human FGF17 (Fig. 1A). A previously reported
zebrafish Fgf17, for which we prefer a new name Fgf17a, is
believed to be an ortholog of mouse Fgf17 based on
conserved synteny data arbitrating somewhat ambiguous
phylogenetic analysis (Reifers et al., 2000). Thus, we
conclude that fgf17a and fgf17b are co-orthologs of themammalian FGF17 gene. These two genes could be dupli-
cated from the last common ancestor of mammals and
teleosts in the whole genome duplication. Although both
fgf17a and fgf17b clearly belong to Fgf8, Fgf17, or Fgf18
subfamily based on phylogenetic analysis (Fig. 1A), the
expression patterns of fgf17a and fgf17b are somewhat
different. The fgf17a gene is not expressed during gastrula-
tion and early segmentation periods, but rather at later stages
Y. Cao et al. / Developmental Biology 271 (2004) 130–143 141in the mid- or hindbrain boundary and in somites (Reifers et
al., 2000). In contrast, fgf17b is expressed during gastrula-
tion but not in the mid- or hindbrain boundary during
segmentation period. Mouse Fgf17 is expressed in the
posterior primitive streak, the presumptive mid- or hind-
brain boundary, presomitic mesoderm during gastrulation,
and early somitogenesis (Maruoka et al., 1998; Xu et al.,
1999). Mouse and fish certainly share some conservative
features of the expression pattern of Fgf17.
Expression of fgf17b in the blastodermal margin of late
blastulae and early gastrulae in a dorsal–ventral gradient
suggests a role in early pattern formation of the zebrafish
embryos. Its ectopic expression induces the mesodermal
marker ntl, dorsal marker chd, and posterior neural marker
hoxb1b while this inhibits the anterior neural marker otx1
and ventral markers bmp2, bmp4, gata2, and eve1, suggest-
ing its roles in mesoderm induction, dorsal–ventral pattern-
ing, and anterior–posterior neural patterning. Its dorsalizing
effect is attained by promoting the expression of chd, an
antagonist of the ventralizing signals Bmps.
Different Fgf members transduce signals in the same
manner. In general, Fgf ligands bind to and activate
membrane-bound Fgf receptors that in turn trigger the
mitogen-activated protein kinase (MAPK) signaling cas-
cade (Cobb and Goldsmith, 1995; Ornitz, 2000). The
MAPK cascade may eventually activate transcription fac-
tors that control expression of other effectors. Some dif-
ferent Fgf members can bind to the same receptors to
initiate the signaling transduction (Igarashi et al., 1998;
Ornitz et al., 1996). This could explain why some Fgf
members have similar inductive activity in vivo even if
they do not share a similar expression pattern. For example,
zebrafish fgf17a is not expressed during gastrulation but its
overexpression is able to dorsalize zebrafish gastrulae
(Reifers et al., 2000). In zebrafish, at least four Fgf genes,
that is, fgf3 (Koshida et al., 2002), fgf8 (Reifers et al.,
1998), fgf17b (this report), and fgf24 (Draper et al., 2003),
are expressed in the germ ring of zebrafish embryos. In our
experiment, reduction of ntl expression following simulta-
neous knockdown of fgf8 and fgf17b was not as great as
following ectopic expression of XFD that can inhibit
interactions between many FGF ligands and FGF receptors
(Ueno et al., 1992). This may attribute to functional
compensation of other Fgfs. The overlapping expression
domains of many Fgf members and use of common
receptors make it difficult to study biological function of
individual Fgf members by knockout or knockdown
approaches.
Comparing of induction activities of fgf17b, fgf8, and
fgf3, three zebrafish Fgf members that have overlapping
expression domains during late blastulation, reveals that
they have divergent activities in patterning embryos during
gastrulation. Mesoderm induction and dorsalizing activity of
fgf17b and fgf8 are much stronger than fgf3, whereas fgf3
and fgf17b have stronger activity in posteriorizing the
neuroectoderm than fgf8. It is possible that these Fgfmembers have different binding affinity with a common
receptor or recognize different receptors.
Studies in Xenopus reveal that mesoderm induction
activity of Activin signaling is relayed by Fgf signals
(Cornell and Kimelman, 1994; LaBonne and Whitman,
1994). Our overexpression experiment showed that meso-
derm induction of sqt was inhibited by coexpression of the
dominant negative form of a Xenopus Fgf receptor, sup-
porting a role of Fgfs in relaying Nodal signaling (Zhao et
al., 2003). Like fgf8 (Gritsman et al., 1999), fgf17b is
initially activated during embryogenesis by Nodal signal-
ing. Thus, Fgf signals mediate Nodal signaling in a
feedback fashion.Acknowledgments
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